Abstract-Continuing growth in regional and global air travel has resulted in increasing traffic congestion in the air and on the ground. In spite of occasional temporiny downttnns due to economic recessions and catastrophic events, average growth rates of air travel have remained high since the 1960s. The resulting congestion, which constrains expansion of the air transportation industry, inflicts schedule delays and decreases overall system efficiency, creating a pressing need to develop more efficient methods of air traffic management ( A m . New ATM techniques, procedures, airspace automation methods and decision support tools are being researched and developed for deployment in time frames stretching from the next few years to the year 2020 and beyond As these methods become more advanced and increase in complexity, the requirements for information generation, sharing and transfer among the relevant entities in the ATM system increase dramatically.
INTRODUCTION
As the aviation industry has grown during the nearly 100 years of its existence, air traffic control has evolved to deal with the constantly increasing traffic volume. Air traffic control today depends primarily on human air traffic controllers. Such measures as airspace sectorkition, airspace structure, procedures and flow restrictions have been employed to prevent traffic levels from exceeding the human capabiliry of the controllers'. But these methods ultimately constrain the total system throughput, with the result that system inefficiencies increase as traffic levels increase and any perhxbation to the system can result in schedule upsets affecting the entire system. Even with total air traffic volume decreasing signiticantly immediately following the terrorist attacks of 11 September, 2001, the air traffic control system faced congestion during peak midday times equal to that before 11 September.
Recent efforts within the aviation community aim to develop a more flexible system to increase capacity and reduce inefficiencies by allowing users more freedom in attaining their operational objectives. Concepts such as "free flight" are being developed and implemented NASA researchers, under the Advanced Air Transportation Technologies (AATT) Roject' are developing key decision support tools and automation methodologies to enable free flight concepts. In AATT, NASA is also researching more advanced, far-reaching ATM concepts h o w as Distributed Air/Ciround Traffic management (DAG-TM). Free flight and DAG-TM are ftnther described below. 
I. R"a.3
A challenge for those developing and implementing advanced air traffic management tools and methods is the increased amount of information required For example, DAG-TM concepts for enabling more autonomous en-route aircraft operations may require the collection and distribution of constantly updated position, speed and intent information for each aircraft, the "negotiation" of trajectories for contlct avoidance among two or more aircraft, the coordination of trajectory changes with airline operations centers and airports, and a numher of other transactions requiring significant exchanges of information that do not take place in today's ATM system. Many of AND "U.S. Government work not protected by US. Copyightt."
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these requirements were unanticipated d e n current and near-term future aeronautical communications links were specified Therefore, it is anticipated that additional aeronautical communications capabilities will be required. Determining the future communications requirements and developing optimum architectures and technologies to meet those requirements is the goal of the aeronautical communications research efforts at the NASA Glenn Research Center. The following sections of this paper describe the approach being taken to assess communications system requirements and develop and validate appropriate aeronautical communication system architectures, and key research and development activities which have been identified as needed to bring about the next-generation aeronautical communications systems.
FREE FLIGHT
The prevailing concept for enabling higher capacity, more efficient air transportation systems is called free flight. Free flight is intended to allow users or fleets of aircraft to optimize their use of airspace to meet their specitic objectives. But there will alwys remain an air traffic management element to maintain fight safety. In addition, the airspace in the terminal areas will require sigoiscant control to maintain safety of arriving and departing a i r d .
The level to which aircraft can operate autonomously is an area of significant debate and on-going research.
In the United States, the Federal Aviation Administration is implementing a h e flight program within the National Airspace System
The Free Flight Phase I Progam was established in 1998 and is intended to achieve, by 2002, the implementation of five decision support tools intended as the first steps to a future free flight environment. The five decision support tools are: The DAG-TM operational concept is described by 15 concept elements (CE), which represent a solution to a problem or inefficiency in the operations of the current NAS. They correspond in sequence to elements encountered in the progression of a typical flight. Figure 1 is a summary of the DAG-TM concept elements. Note that several adjacent pairs of concept elements address the same problem through different solution strategies. For example CE 3 and CE 4 both address user-preferred departures, but CE 3 uses ftee maneuvering to accomplish the solution while CE 4 uses trajectory negotiation. CEs 5 and 6, 9 and 10, and 11 and 12 form similar pairs. In general, ftee maneuvering is a fight deck focused solution that allows each user to determine a preferred operation while maintaining responsibility for safety and separation assurance (conflict avoidance). This may include direct "negotiation" with other users to determine methods of conflict avoidance. The ATSP provides oversight and can enter into a controlling mode &en deemed necessary. Trajectory negotiation, on the other hand, is an ATSPcentered solution that requires users to negotiate trajectories with the ATSP. In this case the ATSP always maintains responsibility for safety and separation assurance. These two strategies are not necessarily mutually exclusive within the NAS. Either may be the preferred solution depending on variables such as airspace complexity and user equipage.
However, it is important to note that significant differences in communication requirements may occur between the two strategies. For example, fiee maneuvering may require more information exchange ftom aircraft to aircraft, wMe trajectory negotiation may require more information exchange between aircraft and gromd facilities.
As part of the AATT Project DAG-TM research program, four of the 15 concept elements are being included in a full feasibility study. The concept elements chosen for study are CEs 5,6,7, and 11. 
DEVELOPMENT OF COMMUNICATIONS REQUIREMENTS AND ARCHITECTURES
The previous discussion on potential communications requirements differences resulting from different free flight approaches to solving a NAS problem &lustrates the difficulty in assessing aeronautical communications requirements for future ATM applications. The primary communications l i s being implemented over the next ten years for safety of fight communications, which includes air traffic management, are already in the final stages of development or early stages of deployment. Therefore, new communications architectures must be developed to meet requirements beyond the ten-year time frame. With many new air traffic management tools and methods in the early research stages, it is unknown which will end up being chosen for future implementation. Traffic loads can only be estimated, and many other unknown issues will impact aviation by the 2015 to 2020 timeframes being considered. n e terrorist attacks of 11 September, ZOO1 combined with economic recession reduced air travel by 10-20% immediately following the event. History indicates that this will be a tempomy deviation from the continuing increase in aviation traffic over the long term, but it remains to be seen when air traflic will rehun to pre-1 1 September levels.
Hence, communications requirements cannot be derived with great accuracy.
But it is important to attempt to estimate future needs in order to perform useful research and technology development. NASA Glenn has therefore approached the development of future communications requirements and supporting communication system architectures from several fionts. needs and objectives contained in these documents, as well as estimating potential future requirements based on proposed operational concepts, air traffic management research objectives (such as DAG-TM) and many other inputs. This is the first known attempt to gather such a complete set of documented requirements. The study went on to develop potential communications system architectural solutions, including various communication l i s options and approaches based on communications capacity and functionality requirements. Figure 2 shows the overall functional architecture demonstrating the required data flow for a future communications system architecture and takiig into account many systems, datalinks and programs currently in place or under development. The study broke down the overall system architecture into the various specific communications architectures required to fully specify the overall mchitecture. The final portion of the study compared current technologies in place or under development with technologies needed for implementing the future architecture to identify technology gaps that need to be addressed to enable such future systems.
A follow-on study by Computer Networks and Software, Inc., built upon the previous studies and refined the analysis of future communication needs to develop a set of specific research and technology gaps'. These gaps address a range of issues in both the nearhid term (next 10 years) and long term (beyond 10 years) time frames, and are listed as follows (not in prioritized order). The second area of effort in determining future aeronautical commuuications needs is simulation and modeling. NASA Glenn researchers are currently focusing on VHF Digital Link (VDL) Modes 2,3, and 4, aeronautical communication satellite links, and navigation and surveillance system performance for supporting future air traffic management concepts. OPNET network simulation softwme is being used to develop and exercise performance models of VDL-2 and VDL-3. The purpose is to acquire accurate performance models to determine such things as hue data throughput capabilities, system performance degradation as a function of channel loading, and network perfanance. These results will lead to an understanding of the capabilities of such systems to support advanced future ATM automation tools, and can also lead to potential system improvements.
As an example of such efforts, recent successes in VDL-2 system performance modeling and simulation at NASA Glenn indicate potential improvements to the VDL-2 carrier sense multiple access format can achieve significant system improvements*. 
A E R O N A~C A L COMMUNICATIONS RESEARCH
AND DEVELOPMENT NEEDS The efforts described above have led to the understanding of aeronautical communications research and technology development needs for ATM applications described next. Note that the retinkg and updating of these needs will be an on-going process as new information is gained through studies, modeling and simulation, and testing and experimentation. In addition, constant feedback from the aviation community will be solicited. Of course, the purpose of developing this needs list is to maximize the value of NASA's research efforts, as well as the research efforts of many other government, academic and private institutions, both in the US and internationally. It also serves to support program advocacy and coordination and collaboration efforts between institutions.
The results below summarize the current understanding of research and technology development needs. They are organized into two groups: the first involves nearhid term needs covering the next ten years' needs, the second covers long term needs beyond ten years. For each of these groups, three categories of research and technology needs are listed systems research and analysis, which includes requirements analyses, architecture development, simulation and modeling, and other research issues; component technology research and development, which deals with hardware component needs; and systemhetwork technology researcb and development, covering testing, evaluation and demonstration of systems and networks, protocol and standards development, and system level concept and applications research.
NearMd Term Needs

Systems Research and Analyses
Requirements Analysis:
1.
2.
3.
4.
5.
Requirements analysis for terminal area communications. Communications needs for smaller airports. Integration and networking of communications, navigation and surveillance infrasbuctures. CNS requirements for collaborative decision making and moving towards aircraft selfseparation and airspace automation. Analysis of communications latency, bandoff and related issues. System Analysidkchitecture Development:
1. Development of modelinglsimulation capability and laboratory testbed facility to enable objective assessment of performance of planned digital datalinks. 2. Objective evaluations of planned digital datalinks, including VDL-2,3 and 4. 3. Analysiddevelopment of moves toward future "hamoniZation" of ATN and IPv6 network protocols.
4. Research and analysis of hybrid system architecture issues (accommodating mixed equipage, datalink vs. non-datalink airspace, etc.) Human factors analysis of information integration and presentation to human operators.
Spectrum and Frequency Use Research
